of the common resistance seen by both the hepatic arterial and portal venous flows in the canine liver. Investigations directly concerned with studying the properties of this common outflow resistance have not been reported. Indeed, there is little information concerning normal pressures within the hepatic sinusoids. Since there does not appear to be an osmotic gradient across the hepatic sinusoids (6, 14) , the extent of plasma filtration is directly related to sinusoid pressure. The sinusoid pressure is also related to the amount of blood volume stored within the compliant regions of the hepatic vasculature.
Thus, a better understanding of mechanisms involved in control and regulation of sinusoid pressure would further the understanding of both these important hepatic functions. To clarify the interpretation and understanding of the results to be discussed, a simple resistive model of the entire splanchnic vasculature is presented in Fig. 1 . Similar representations have been described previously (5, 27, 28) . The liver vasculature is represented by three resistors defined as follows :
R, = (Ppv -P,)/F,, , portal venular resistance Rh = (P, -Ps) /Fha, hepatic arterial resistance RL = (Ps -Ph,)/(F,, + Fha), liver outflow resistance
The entire prehepatic splanchnic vasculature is represented by Rs = (P, -P,v)/F,v .
Morphologically, the beginning of the common outflow resistance depends entirely on the location of the junction of the arterial and venous inflows. Although there is still controversy on this matter, it appears that most of the arterial blood joins the portal circuit at or near the periphery of the classical liver lobule (15, 20, 30) . A small fraction of the hepatic arterial flow supplies the gall bladder and gives rise to a peribiliary arterial plexus, and the venous flow from this area is via the portal venules; it is thereby added to the presinusoidal portal flow. There is also some evidence for the direct entrance of arterial blood into terminal portal venules (21) as well as into the more central parts of the lobule (9, 30). To locate the outflow resistance, one must spatially define the mean junctional pressure. I have defined this as the pressure at the very beginning of the hepatic sinusoids. Thus, the resistance to flow through the hepatic sinusoids is incorporated into the total outflow resistance. The model in Fig. 1 shows the importance of the outflow resistance on sinusoid pressure. Since the total hepatic flow must pass through this common path, changes in its resistance will directly affect the sinusoid pressure. With the preparation to be described, it has been possible to estimate a normal value of sinusoid pressure (mean pressure at arteriovenous junction)
as well as pressure-flow characteristics of the outflow resistance in the canine liver. The results indicate the limitations of such a representation as shown in Fig. 1 and more appropriate models are suggested. were not averaged, the true mean hepatic venous pressure was less than that which was considered here There is some evidence, however, that negative hepatic venous pressures are ineffectual in producing increased flow (6, 14) , so that the end-expiratory value may in fact be a more functional estimate of the outflow pressure. As will be shown here, however, the normal hepatic venous pressure appears to have little influence on hepatic flows. All animals were tied on their backs and pressures were referenced to a level 6 cm anterior to the back, the estimated level of the right atrium. Extreme care was taken to insure equal sensitivities and zero base lines of the hepatic and portal venous pressure gauges. Measurement of venous pressures was accurate to 0.1 mmHg.
Pressures and flows were recorded on a Grass model 7 polygraph.
A shunt was established between the portal vein and abdominal interior vena cava (IVC) just downstream from the renal veins, as shown in Fig. 2 min. Excessive distension of the intestinal vasculature during this portal venous occlusion was minimized by sirnultaneously occluding the superior mesenteric artery during this period.
Heparin, 300 U/kg, was administered just before the portal venous-IVC shunt was established. Umbilical tape was placed around the portal vein between the gastroduodenal vein and the shunt, the ends of the tape were passed through a piece of glass tubing, and the tape was used as an occluder.
The shunt could be occluded with a hemostat.
With this arrangement, portal venous blood could be directed toward or away from the liver. Simultaneous occlusion of the portal vein and release of the shunt clamp channeled the blood through the flow probe to the IVC. After an initial transient of l-10 s duration, the shunt blood flow stabilized at a constant level. This initial transient was a result of the lower resistance to blood flow through the shunt (So-100 %) than through the liver. The value of shunt flow measured after this transient was assumed to be the same as the portal venous flow before shunting.
In a few preliminary cxpcriments a noncannulating probe was placed on the portal vein as well to test this assumption.
The portal venous flow before diversion was found to be within 10 ci/a of the shunt flow after the initial transient.
This portal venous probe was not used routinely because of the space limitation in the region. The hepatic artery was connected to a Sigmamotor peristaltic pump or a Sarns roller pwnp.
The Sigmamotor pump was used more frequently (four times), but the results were similar with the Sarns pump. Hepatic arterial flow rates could be varied over a wide range which was suffcient to encompass greater than normal total hepatic flow. With the portal flow diverted, the hepatic arterial flow was then the total hepatic flow, and the portal pressure measured at the liver was considered to be the sinusoid pressure. An occluder was also placed on the superior mesenteric artery, the source of more than half the portal venous flow. This vessel was occluded during the perfusion of the hepatic artery so that the availability of blood to the pump might be increased.
If this were not done, the aortic pressure would fall greatly as the hcpatic arterial flow rates were increased to the range of normal total hepatic flows.
To eliminate the possible effects of variations in arterial blood pressure initiating reflex activity in the hepatic vasculature via neural mechanisms, the hcpatic plexus was severed early in the surgical procedure.
Neural influences on the hepatic vasculature arriving via the vagus nerve are thought to be negligible ( 15, 17) . Estimation of the normal sinusoid pressure was accornplished in the following manner. During a control period of about 15 min the portal flow was allowed to perfuse the liver normally.
The hepatic artery flow was set to a noininal value of about 10 ml/min-kg body wt, and all pressures and flows wcrc monitored.
The portal flow was then diverted into the inferior vena cava. Sinusoid pressure was estimated as the pressure in the portal vein with no portal inflow to the liver. The arterial flow was then set to zero and flow rates were increased in small steps, with each step being held for about 1 min. All pressures had stabilized by the end of this time. In one experiment decreasing steps were also employed, but no hysteresis was found. Either two or three series of increasing-flow steps were performed on each ani-HEPATIC OUTFLOW RESISTANCE AND SINUSOID PRESSURE 515 mal. A pressure-flow curve (PS vs. Fha) was thus determined. By reading from the curve the pressure at which the hepatic arterial flow equals the preshunt total normal liver blood flow, the sinusoid pressure with that normal flow was determined.
Inherent in this estimation is the assumption that the pressure-flow characteristics of the hepatic outflow resistance are the same whether the hepatic blood arrives entirely through the hepatic artery or the total flow arrives properly split between the two input channels. There is no apparent way of investigating this assumption, but there does not seem to be any a priori reason for doubting its validity. Figure 3A shows a pressure-flow curve from dog 4. The three curves were taken successively (curves 1,2, and 3) with about 5 min between runs. The hepatic venous pressure in these runs was 2.2 in the first and 2.0 mmHg in the next two. The plot shows that the zero-flow pressure measured in the sinusoids is higher than the hepatic venous pressure observed at the same time. The former pressure will be termed closing pressure (PC) hereafter.
RESULTS
In this animal the closing This matter will be further discussed below.
This shifting of the curves with time was not always seen. Figure 4 shows the pressure-flow results from one animal in which there was no shifting (dog 3). A single curve could be drawn through all the points. This figure also indicates a typical calculation of the normal sinusoid pressure. The control F,, and Fha were 15.7 and 9.7 ml/min-kg body wt, respectively, and the portal pressure was 8.0 mmHg. This total hepatic flow of 25.4 ml/min-kg then corresponded to a sinusoid pressure of 6.6 mmHg in this animal.
In the five animals analyzed in this manner the sinusoid pressure was always slightly less than the portal pressure. Table 1 presents the average results from these five animals. Where a shift of the curves was observed, only the results from the initial pressure-flow characteristics are presented. The average portal pressure was 7 mmHg and average sinusoid pressure was 6.1 mmHg. The corresponding average portal and arterial flows were 16.4 and 12.6 ml/min-kg, respectively. The mean hepatic venous pressure was 1.6 mmHg. The closing pressure, defined above, had a mean value of 3.2 mmHg. A closing pressure was found in all animals. The parameter r L is the inverse of the slope of the curve at the point of normal total flow. Its significance (and that of P, and RL') will be discussed below.
The preparation also provided pressure-flow data on the hepatic arterial resistance. A moderate degree of hepatic arterial autoregulation (concavity of the pressure-flow curve In their studies, however, they frequently found hepatic venous-wedged pressure to be higher than the portal pressure. This finding casts some doubt on the meaning of their estimate. They found a sinusoid pressure of 8.5 mmHg with a portal pressure of 9.6 mmHg. Surprisingly, this is very similar to the results reported here using a more direct technique.
Price and associates (27) have successfully estimated canine sinusoid pressure with a wedged hepatic venous catheter. They reported a pressure which was much closer to the portal than the hepatic venous pressure, typically within 2 mmHg.
There is also some evidence suggesting that the pressure drop across the portal venules (presinusoid) is small in man. (8, 13, 24, 25, 28) , and the entire arterial bed also appears to show an effective closing pressure. Price's group (27) has also reported a closing pressure in the hepatic vasculature.
They present results from one animal showing a zero-flow estimated sinusoid pressure (hepatic venouswedged pressure) of 5 mmHg with a hepatic venous pressure of 1.5 mmHg. The existence of a closing pressure in the liver may result from the action of the sinusoid endothelial (Kupffer) cells. Th ese cells have been shown to be capable of bulging into the lumen of the sinusoid to completely stop flow (4, 19, 20) . These bulging endothelial cells exist in all sinusoids, but are most prominent at the juncture of sinusoid to central vein. That their "tension" is variable is apparent from the fact that increasing depth of anesthesia is associated with an increasing number of blocked channels (4). McCuskey (20) , in an extensive investigation, was able to show constriction of the endothelial sphincters on administration of epinephrine. There is also the possibility that the closure occurs in the larger hepatic veins. That these veins in the dog have significant amounts of smooth muscle is well known ( 1, 2, lo), and there is thus the potential for sphincteric action in these vessels. The hepatic closing pressure avcragcd 1.6 rnmHg higher than the hepatic venous pressure. Considering the thickness of the liver (which may provide a hydrostatic pressure gradient of 5-10 mmHg), one might question the functional significance of this closing prcssurc. However, the hydrostatic pressure head exists not only within the vcsscls, but also surrounding them. Thus, for vcsscls in the lower region, the incrcascd pressure within the vessels is balanced by a similarly increased extravascular pressure. An equivalent situation obtains for the decreased pressures in the upper regions. Since the two venous pressure gauges were referenced to the same zero-pressure reference level, the measured closing pressure represents the lowest closing pressure for the entire hepatic vasculature regardless of hydrostatic level. Slight variation in either the balance of intra-and extravascular hydrostatic pressure heads or the intensity of the contractile region responsible for the closure mav result HEPATIC OUTFLOW RESISTANCE AND SINUSOID PRESSURE 517 in a distribution of closing pressures within the liver. This matter is discussed in detail below.
It was also shown here that the hepatic closing pressure can change without significantly altering the shape of the pressure-flow curve (Fig. 34) . This increased closing pressure might have been the result of an increased level of circulating catecholamines.
As the hepatic arterial flow rates were increased to and above normal total hepatic flows, there was an inevitable fall in systemic arterial blood pressure which should have caused catecholamine release. Direct sympathetic stimulation has been shown to increase the closing pressure in the vascular bed of the rabbit car (13) and indirect stimulation of the sympathetic system by cold has been shown to increase the closing pressure in the vessels of the human forearm (8). More pertinent are some preliminary results from a dog with a right-heart bypass whose atria1 pressure was controlled by the level of a collapsible tube. It was found that elevation of right atria1 pressure to about 3 cmH20 had little effect on portal venous pressure. During a continuous intravenous infusion of epinephrine, however, the portal pressure was not affected until the atria1 pressure was elevated to about 10 cmHzO (S. Permutt, personal communication) .
This suggests that the hepatic closing pressure is elevated by circulating catecholamines. The phenomenon of a zero-flow intercept greater than the hepatic venous pressure on the pressure-flow characteristics adds another dimension to the interpretation and meaning of outflow resistance.
RL is the inverse slope of the line drawn between the hepatic venous pressure on the pressure axis and the point along the curve that represents normal flow and pressure (see Fig. 5 ). Since the pressure-flow curves are nonlinear, perhaps one should be equally concerned with the actual slope of the pressure-flow characteristic specific to the normal range of sinusoid pressure and hepatic flow. The inverse of this slope has units of resistance and it is designated by r L , signifying an incremental resistance. From the shape of the experimentally determined curves (Figs. 3A and 4) it is clear that rL is much smaller than RL ( i.e., steeper slope). Table  1 shows the average values of RL and rL to be 0.16 and 0.07 resistance units (RU), respectively. (1 RU = 1 mmHg/(ml/min-kg body wt)). One may also calculate the resistance defined as RL' = P -PC)/FI iver implies that (Fig. 5) . The existence of a closing pressure R L' is a better estirnate of the frictional (Poiseiulle) resistance than RL (so long as PhV < PC). As sinusoid pressure is increased above the closing pressure, the vessels open. Further increases in pressure may distend the vessels, thereby decreasing resistance and producing a curvilinear pressure-flow graph convex toward the pressure axis. Table 1 shows the average value of R,' at normal flow to be 0.10 RU, a value between rL and RL. Were the pressure-flow curve linear, R L' would bc equal to rL at all flows.
The curvilinear nature of the pressure-flow curve at low flows might also be a result of a distribution of closing pressures in parallel channels. As sinusoid pressure is increased above P, , additional parallel pathways are recruited, and increments in pressure will cause disproportional increments in flow. When all channels are open additional increments in pressure generate a more linear pressure-flow curve with slope l/rL . If the linear portion of the pressure-flow curve is extrapolated down to the pressure axis, the point of inter- section (PC' in Fig. 5 ) will be between the zero-flow closing pressure, P, , and the highest closing pressure in the bed ( i.e., the pressure above which the pressure-flow curve becomes linear).
It can be shown mathematically that in a bed with a distribution of closing pressures, P,' is a weighted arithmetic mean of all closing pressures, where the weighting factor for each closing pressure is the conductance, G (l/resistance), through each respective channel. For n parallel channels, the extrapolated closing pressure, P,', can be calculated from the following equation :
n P,' = c P, i l Gi/ 2 Gi 9 i=l i=l (see the APPENDIX).
The average value of P,' for the five dogs (extrapolated from the control point of normal P, and total flow) was found to be 4.1 mmHg.
If there is in fact such a distribution of closing pressures, then P,' may be considered to be the effective back pressure for the bed, whose total resistance is rL . There are thus two explanations consistent with the shape of the empirical pressure-flow curve, the first postulating resistance changes due to elastic changes in vessel diameter, and the second postulating resistance changes due to recruitment of parallel inelastic collapsible vessels. Indeed, both mechanisms probably exist. The incremental resistance, rL , has additional significance insofar as it determines the extent to which flow variations through the sin usoid s cause pressure changes in the same. Knowing rL at any point should enable one to predict the effect of finite changes in pressure from finite changes in flow (or vice versa). Hepatic arterial flow variations will also produce portal venous pressure variations via rL. The fact that the normal rL is so small may explain why total hepatic arterial occlusion causes such small changes in portal pressure in the normal vasculature (18, 3 1, 32) . Indeed, considering the average value for rL found here of 0.07 RU and a typical Fha of 10 ml/min-kg, one would expect total occlusion of the hepatic artery to produce less than 1 mmHg change in the portal pressure, with everything else unchanged. This is in good agreement with the present observations and the results of others (18, 3 i 32) . If the magnitudc of this drop in PpV following hepatic arterial occlusion increases, as it does after chronic carbon tetrachloride toxicity (31), a change is implied in the shape of the outflow characteristics at the operating point (rl,), whether or not the calculated values of RL or Rr,' are changed. Figure 6 shows two models which summarize the two explanations of the results found here. For the outflow resistance, the model in Fig. 6A assumes a single closing pressure, P, , an d a resistance RL' which must decrease as P, increases (Fig. 5 ). In the model the closing pressure is represented by a battery symbol of magnitude P, -PhV and is in series with RL'. As long as PhV < P, , there must exist a '%ascular waterfall" of this magnitude. For Phv 2 P, , the magnitude of the waterfall is zero (26). The model of Fig. 6B assumes a constant resistance, rL , with a distribution of closing pressures providing an effective back pressure to flow of P,' (Fig. 5 ). This average closing pressure generates a vascular waterfall of mean magnitude P,' -Phv , for PhV < P, . For hepatic venous pressures between P, and the highest individual closing pressure in the bed, there will be a varying nurnber of individual waterfalls, but the representation of Fig. 6B will no longer hold. For Pilv greater than the highest individual closing pressure all waterfalls are zero. A model to represent the outflow resistancc of P hv > P, would consist of two distributions of pathways, one with a back pressure of Phv and the other with effective back pressures consisting of the individual closing pressures higher than Phv . Such a model would be somewhat more complex and will not be pursued here.
Also included in the model of Fig. 6 that which could be accounted for by the closing pressure in the outflow bed alone.
The use of the electrical battery symbol of varying magnitude to represent the closing pressure and vascular waterfall must be taken with caution.
It is only valid for flow in the normal direction.
The pressure-flow characteristics in the reverse direction may be quite different. Indeed, it has been shown that reverse perfusion of the hepatic artery is virtually impossible, whereas reverse perfusion from hepatic to portal vein is relatively free flowing ( 12). This would seem to suggest an infinitely high waterfall for reverse perfusion of the hepatic artery and a small one, perhaps similar to the one found here, for reverse perfusion of the portal vein.
From a functional point of view, the significance of an effective closing pressure in the hepatic sinusoids may be profound.
Since there appears to be no osmotic gradient across the endothelium, sinusoid filtration is extremely sensitive to sinusoid pressure (6, 14) . Thus, precise control of sinusoid pressure is essential if filtration is to be controlled. The existence of a closing pressure may provide the mechanism for this degree of precision.
Indeed, a shift of closing pressure(s) will change the sinusoid pressure at constant flow. This can be accomplished with no change in rL (curve shape), so that interactions between the venous and arterial circuits (via rL) remain the same.
The existence of a closing pressure by itself should provide some degree of isolation of sinusoid pressure from changes in central venous pressure. If either model of Fig. 6 holds, then P, = P, + (Fiiv,,* RL') or P, = P,' + Fiivcr* rL), and hepatic venous pressure has no influence on P, as long as PhV < P, . In this preparation hepatic venous prcssurc was not controlled, so the actual degree of isolation is not certain. However, P, and Phv can vary independently of each other since increases in P, were observed with no change or a decrease in Phv . Further support is apparent from the fact that the negative respiratory dips observed in the hepatic vein do not appear in the portal pressure. Since Pl,v = P, + ( Fpv l Rp), it is clear that they should also be absent from the sinusoid pressure as well.
Greenway and Lautt (14) have shown, however, that in the anesthetized cat increases in hepatic venous pressure are at least partially reflected back to the portal vein. For hepatic venous pressures greater than P, , this would be expected, but they found about 50% of the increase in PhV to occur in PI,V below the mean closing pressure (relative to hepatic venous pressure) of 1.6 mmHg found hcrc. Negative hcpatic venous pressures, however, were not reflected in the portal venous pressure. There is no apparent explanation for this discrepancy except to suggest that the cat has a smaller closing pressure than the dog. Similarly, in the rat Braucr, Holloway, and Leong (6) have shown Pi,, (at constant hepatic flow) to bc indepcndcnt of Phv for Phv less than zero. Changes in PhV greater than zero cause almost equivalent changes in Ppv . In the dog, Hanson and Johnson (18) have shown that an increase in Phv from 0 to 3 mmHg causes an increase in PI:, from 9 to 10 mmHg ; at higher levels of PhV further increases cause similar increases in Pi,, .
Control of the sinusoid pressure is also important in the consideration of systemic vascular volumes and compliances. The blood-storage function of the liver has been the subject of much discussion and experimentation over the past HEPATIC OUTFLOW RESISTANCE AND SINUSOID PRESSURE 519 century (19). Recent quantitative work has shown that the liver may store a relatively large fraction of the total blood volunx and irnpart it to the systemic circulation (7, 16) . The amount of volume stored must be closely related to the intrahepatic sinusoid pressure, and the above discussion with respect to control of filtration and sinusoid pressure also pertains to the regulation of stored volume.
APPENDIX
Consi der n parallel channel s each with a distinct closing pressure. For an inflow pressure P, , the flow through the ith channel, F; , with conductance (1 /resistance) Gi and closing pressure P,,i is found as : Fi = (Ps -P,,i)*Gi Summing over all channels, one has n n t1 F = c< ps -pc,i) l Gi = P, C Gi -C P,,i*Gi i=l i=l i=l
